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Abstract
Background: Both natural and sexual selection may drive the evolution of plumage colouration in birds. This
can lead to great variation in plumage not only across species, but also between sexes within species. Australasian
fairy-wrens are famous for their brightly coloured males, which exhibit colours ranging from bright blue to red and
black. Female plumage in fairy wrens (and in general) has been rarely studied, but it can also be highly variable,
including both bright and cryptic plumages. We use a comparative framework to explore the basis for this variation,
and test the possibility that female fairy-wrens experience selection for cryptic plumage when they occupy more
exposed habitats that offer little concealment from predators. We use spectral measurements of plumage for
species and subspecies of Australasian fairy-wrens.
Results: We show that female colouration (contrast against background) is strongly correlated with vegetation
cover: females in open habitats show less contrast to background colours than females in closed habitats, while
male colouration is not associated with habitat type.
Conclusions: Female plumage appears to be under stronger natural selection than male plumage in fairy-wrens,
providing an example of how selection may act differently on males and females of the same species.
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Background
Birds famously show great variation in their plumage
colouration, and this variation is thought to be the
product of a range of selective pressures. Conspicuous
colours are considered to be useful for intra-specific
communication, such as competition for mates, re-
sources, and courtship [1–5], while selection for crypsis
and camouflage may favour the evolution of less con-
spicuous colours [6, 7]. There is evidence that plumage
colouration can vary greatly in response to pressures
associated with habitat type [6, 8]. For instance, species
of warblers (Phylloscopus spp.) with brighter markings
live in darker habitats [9]. Bright and contrasting colours
may be favoured in dark habitats, to maximize
conspicuousness to conspecifics [9], while dull and pale
colours may be favoured in open habitats to maximize
crypsis, since predation rates may be elevated when
vegetation cover is reduced [10–14].
The interplay between sexual and natural selection
may result in the evolution of differences in colour
between species as well as differences between the sexes
in the same species [15]. In several species, cryptic
plumage appears to have evolved in more exposed habi-
tats in one sex only. For instance, in Eclectus parrots
(Eclectus rotatus), females are secure inside their nest
hollow for up to 11 months/year and have evolved bright
red plumage that advertises nest hollow ownership,
whereas males spend most of their time foraging in the
rainforest canopy and have evolved cryptic, green plum-
age [16]. Similarly, in the barn owl (Tyto alba) there is
selection for cryptic plumage in open habitats, but this is
true only for females and not for males [10]. By contrast,
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bright plumage has been sexually selected in male
grackles (Icteridae), but only in open habitats [17]. Also,
Drury & Burroughs [18] found a link between how
exposed nests were (e.g. a proxy for predation risk) and
sexual dichromatism across new world blackbirds, where
higher predation risk was associated with higher
differences in colour between males and females. All
these studies suggest that natural selection plays an im-
portant role in generating plumage colour differences
between males and females. However, contrary to what
had been previously thought, phylogenetic analyses now
show that sexual dichromatism across species can often
result from changes in plumage in females, not males
[15, 19–21]. Selection on females may be important in
explaining colour differences between males and females.
Several studies suggest that the selective pressures be-
hind the evolution of plumage in birds are different for
males and females [15, 22]. Males and females often
have different pathways to fitness, hence the relative
costs and benefits of bright plumage in each sex are also
likely to change according to habitat [23, 24].
Australasian fairy-wrens and emu-wrens (AVES:
Maluridae) are widely recognized for their bright and
conspicuous colouration. Males of many species and fe-
males of a few species exhibit patches of striking
structurally-based plumage (e.g. blue) or bright red to
orange carotenoid-based colouration [25]. Fairy-wrens
occur in a wide range of habitats, from rainforest in
New Guinea to grasslands and deserts in Australia, and
there is high variation in plumage not only across spe-
cies and subspecies, but also between males and females
[22]. In fairy-wrens, it has been proposed that sexual
selection pressures may have driven the evolution of
conspicuous colours in male fairy-wrens and the closely
related emu-wrens [22, 26]. However, the evolution of
colouration in female fairy-wrens has received less atten-
tion. The available studies, based on qualitative colour
assessments, show a positive link between latitude and
dichromatism; relatively duller females and conspicuous
males are usually, but not always, found at higher lati-
tudes [22]. Johnson et al. [22] suggested that environ-
mental differences associated with changes in latitude
could play an important role in the evolution of fe-
male colouration. For instance, variables that change
with the latitudinal gradient, such as habitat structure
or seasonality could be important in determining how
conspicuous individuals are.
In this study we use a comparative framework to test
for the first time whether habitat characteristics, specif-
ically vegetation cover, can explain the observed vari-
ation in colour and contrast among fairy-wren species
with special emphasis on female colouration. Fairy-
wrens are an ideal group to study the evolution of
plumage, because, although there is high variation in
colouration, all fairy and emu-wren species have similar
life-history traits (e.g. group living, non-migratory, dome
nesting). We measured plumage reflectance in more
than 600 museum specimens and used published vegeta-
tion indices to calculate a principal component that
describes vegetation cover in each of the distributions of
these species (or subspecies). Using this information, we
test whether differences in vegetation cover can explain
1. The level of contrast of plumage against common nat-
ural backgrounds and 2. The percentage of structural
(usually bright) colouration. We predicted that, if there
is selection for increased crypsis, less conspicuous
phenotypes will be found in more open habitats, where
species are more exposed to visual predators. We test
this hypothesis for both males and females.
Results
The principal component used to describe vegetation
cover (99% of variation explained) was significantly cor-
related to latitude (r2 = 0.44, p < 0.001), to the average
annual rainfall in each location (r2 = 0.44, p = 0.045) but
not average temperature (r2 = 0.02, p = 0.91). We used
this principal component for all posterior analyses.
Colouration was measured in males and females in
seven body patches. Contrast between the colour and
two common backgrounds was calculated for both males
and females using visual modelling. In females, vegeta-
tion cover was positively and significantly related to the
amount of contrast for the head, throat and cheeks, after
controlling for the effect of latitude and regardless of the
type of background or phylogenetic tree used (e.g. green
or brown background, Table 1, and achromatic contrast,
0.039 to 0.265, N = 23 species and subspecies, Fig. 1a).
The heads, throats and cheeks of females from species
in open habitats contrasted less with backgrounds than
those of females from species in closed habitats. Con-
trast of the back was also positively correlated with the
amount of vegetation cover, but only when latitude
(non-significant) was removed from the model (β =0.007
to 0.088). Since vegetation cover is significantly corre-
lated with latitude (r2 = 0.7) we believe that the lack of
association between back contrast and vegetation cover
when latitude is present could be a statistical artefact,
due to the collinearity of the predictor variables. This
means that there is a link between latitude (or habi-
tat) and back contrast but we cannot be sure which
one is driving this association. Contrast of the breast,
belly and tail was not correlated with vegetation
coverage or latitude (Table 1). Overall, effects were
stronger when using the brown than the green back-
ground. The phylogenetic signal of contrast against back-
ground varied greatly between phylogenies (λ mean: 0.15,
95% HDP: 0.0001 to 0.31).
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For males, there was no association between vegeta-
tion cover and the level of contrast of the species in
any of the patches (Fig. 1b, all intervals overlapped
with zero, r2 = 0.129 for contrast against green and r2 =
0.11 for contrast against brown). The phylogenetic signal
in this association was also very low (λ mean: 0.08, 95%
HDP between 0.0001 and 0.17). On average, all patches in
males were more contrasting than the patches in females
(Table 1), but there was also greater variation in contrast
in males. The least contrasting patches in females
were the belly and the breast, and in males the tail
and the belly.
Females had a lower percentage of structural colours
than males (8.33% vs. 29.75% respectively). The percent-
age of the body covered by structurally coloured
plumage was significantly and positively associated with
vegetation cover in females (β =0.23 to 0.25, Fig. 2), but
not males (β = −0.21 to 0.07). Females in open environ-
ments had a lower percentage of their body covered by
structural colours.
Discussion
The idea that sexual selection has driven the evolu-
tion of elaborate colouration and ornamentation in
Table 1 Results of association between habitat type (e.g. vegetation cover PC) and different measures of colour contrast for
different body patches in females (top) and males (bottom), against green and brown backgrounds. Intervals represent variation in β
(estimate) across phylogenetic trees. A significant association between colouration and habitat type is considered when the intervals
presented do not overlap with zero (shown in bold). Average level of contrast per patch in JNDs and standard deviation is also
shown for 23 taxa in females and 26 taxa in males
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male birds is a well-established paradigm in animal behav-
iour [2, 15, 27], but the evolution of female bird colour-
ation has received much less attention [27]. It has been
shown [22] that latitude could explain variation in colour-
ation in female fairy-wrens. However, relationships with
latitude are usually a result of associations with other vari-
ables that vary latitudinally, such as habitat or seasonality.
Our aim here was to determine more precisely whether
variation in colouration could be explained by differences
in habitat structure across species. We show that, for
female fairy-wrens and emu-wrens, species and subspecies
living in open habitats are less likely to exhibit plumage
colours that contrast less with the background colour of
the environment than species living in closed habitats.
The percentage of the body covered by structural colour-
ation was also lower in species living in open habitats. We
found no such pattern in males, suggesting sex-specific
selective pressures. Thus natural, rather than sexual
selection, may be a stronger force driving colour evolution
in female fairy-wrens.
We found that in female fairy-wrens and emu-wrens,
habitat was a strong predictor of head, throat, cheek (and
back) plumage contrast, and that species in closed habitats
had more contrasting body patches. This suggests not only
that the balance of natural and sexual selection pressures is
different for males and females, but also that natural and
sexual selection may interact in different ways on different
body patches. In females, patches that showed a higher as-
sociation with vegetation type were mostly dorsal, and they
were also the most contrasting ones (e.g. head, cheeks and
back). On the other hand, ventral patches such as the belly
and breast presented overall lower contrast and lower
variation (lower SD in Table 1) across species and the lack
of an effect in these patches maybe due to lack of variation
in contrast (e.g. most species and subspecies are dull).
Where the primary predators are aerial, dorsal patches
(such as head and back) are likely to be most strongly
influenced by natural selection, whereas facial/frontal
patches are likely to be most relevant for intra-specific
communication [28] and thus more influenced by inter-
Fig. 1 Association between habitat type (vegetation cover) and the contrast of the female (a) and male (b) head plumage against a brown
background. Phylogenetic relationships are represented by branches and grey points represent ancestral states connecting black points (tips).
Results remain qualitatively similar when the contrast is against a green background. Drawings of species made by Hilary Burn and used with
permission from del Hoyo et al. (2014)
Fig. 2 Association between habitat type (vegetation cover) and the percentage of structural colour in the body of females (a) and males (b) for
different species. Phylogenetic relationships are represented by branches and black points represent ancestral states connecting blue points (tips)
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and intra-sexual selection [29–31]. While contrasting facial
patches in female fairy-wrens could function in intra-
specific communication, natural selection appears to have
selected against conspicuousness in these patches in species
that live in open habitats. Our results highlight the value of
analysing different components of plumage, because it
enables detection of anatomically localised patterns, which
may be missed if body plumage is assumed to evolve as a
whole [32].
Our finding that female conspicuous colouration was
more common in closed habitats corresponds with that
of Marchetti [9] in Phylloscopus warblers, where species
breeding in darker and closed habitats had brighter
colours than those breeding in open habitats. However,
Marchetti [9] argued that dull birds evolve in open
habitats because birds are easily visible to each other
even without the presence of bright colours. Accord-
ingly, social selection favours changes in plumage col-
ouration in order to maintain adequate and similar
levels of visibility (e.g. contrast) [9]. Contrary to this, we
found that the contrast of female fairy-wrens to back-
ground colours changed among habitats. Species that
live in closed habitats have higher contrast against the
background (either green or brown) while species in
open habitats tend to be less contrasting. Our findings
do not support a scenario where selection for conspicu-
ousness leads to plumage variation. Instead, our results
could suggest a scenario where selection favours cryptic
phenotypes in open habitats. Predation risk might be
higher in such habitats due to greater exposure to
visual predators [11, 12]. It has been shown in other
systems that colour (e.g. conspicuousness) can signifi-
cantly increase predation rates [33, 34]. Parental care
at the nest might make it more advantageous for fe-
males to have cryptic plumage and might constrain
plumage brightness if females spend more time at the
nest than males [35]. Moreover, because male plum-
age varies seasonally while female plumage is constant
year-round, conspicuousness might impose higher
costs on females [36]. Strong selection for crypsis in
females could have led to the reduction of conspicu-
ous colouration, and it may be that the sexually se-
lected benefits of expressing colourful breeding
plumage in males are much greater than the naturally
selected costs. It would be interesting to test whether
non-breeding plumage in male-fairy wrens is also sub-
ject to the same predation pressures as that of female
fairy-wrens. Hofmann et al.[20] showed that in new
world orioles (Icterus sp.) elaborate plumages have
been consistently lost in females through evolutionary
history, with convergent selection for more cryptic
plumages. Our results show a similar pattern, although
the low phylogenetic signal in our analyses prevents
us from making inferences about the ancestral
colouration in female fairy-wrens. Loss of bright
plumage has also been observed in ducks (although
in males), and this has resulted in loss of sexual di-
chromatism in many duck species [37]. Another inter-
esting possibility is that predators with different visual
systems might be prevalent to different degrees in
types of habitats, and this could drive plumage differ-
ences between habitats [13]. In open habitats, raptors
(with good colour vision) could be an important pre-
dation pressure, while in closed habitats mammals
may represent a larger threat. Mammals have lower
sensitivity to ultraviolet light [38], and thus animals
with UV patches could be inconspicuous to mamma-
lian predators.
Given that our measure of ‘vegetation cover’ was a
composite of several environmental layers, it is also pos-
sible that this variable encompasses other habitat charac-
teristics, besides the openness of the environment. For
instance, this variable was also correlated with higher pre-
cipitation and measures of plant productivity. Producing
structural plumage is presumed to be costly [1, 39, 40]
(although see Prum [41]). Areas with reduced plant prod-
uctivity may have more limited food resources (fairy- and
emu-wrens are insectivorous [25]). If females benefit less
than males from expressing structural colouration, then
female trait expression may be reduced in resource-poor
environments. The sexual selection benefits of expressing
structural colouration could still make it worth expressing
this trait in males, but not in females in poor environ-
ments. Under this scenario, environmental productivity,
and not predation rates, would be responsible for the evo-
lution of plumage in female fairy-wrens. In blackbirds it
has been suggested that increased productivity in marshes
may have led to brighter colour patches, although in such
case these were all carotenoid-based colourations, not
structural [42].
Conclusions
We provide evidence suggesting that the evolution of
conspicuous colouration in female, but not male, fairy-
wrens is tightly linked to the habitat type. Our findings
are consistent with previous suggestions regarding the
selective pressures influencing the evolution of plumage
colour in fairy-wrens, where selection to maximize
conspicuousness to conspecifics may be driving the
evolution of male colouration [43], while natural selec-
tion may constrain the evolution of female colouration.
This constitutes an important addition to the body of lit-
erature suggesting that female and male ornamentation
can be under different selective pressures, and that both
natural and sexual selection are important drivers of
sexual dichromatism. Our results also reveal differential
evolution of colour patches, and show that different
parts of the body may be under different types of
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selective pressures. We encourage future experiments to
test whether females in open habitats suffer higher pre-
dation pressures, which might lead to increased selection
for cryptic plumage in open environments. Moreover, it
would be interesting to explore whether more contrast-
ing females within a population actually suffer higher
levels of predation.
Methods
Phylogenetic and geographic information
We downloaded 1300 different possible phylogenies
from birdtree.org [44] for 15 species of fairy-wren and
emu-wren (Malurus spp., Stipiturus spp. and Clytomyias
insignis, see full list in Additional file 1: Figure S1).
These phylogenies were sampled from a posterior distri-
bution of possible phylogenies and some of the trees
have the same topology of phylogenetic hypotheses pre-
viously suggested for the Maluridae [45]. By taking all of
these potential phylogenies into account we ensure that
our results are consistent irrespective of which are the
real phylogenetic relationships. Since the trees available
in birdtree.org do not contain information on subspe-
cies, we added nine subspecies (details of subspecies
used in Additional file 1) as the closest taxa to the nom-
inal species, and included an arbitrary branch length of
0.025, considering that the time since divergence for
subspecies of Malurus sp. has been very recent
(<220.000 years ago [46]). Analyses for a branch length
set to 0.05 gave qualitatively identical results.
We collected information on geographic distribution
from the Atlas of Living Australia and birdlife.org.
We downloaded shape files with the distribution of
each species and subspecies. To calculate differences
in habitat we downloaded three raster files with infor-
mation on Evapotranspiration from the Wisconsin
Center for Sustainability and the Global Environment
(nelson.wisc.edu [47]), Net Primary Productivity [48],
and a potential vegetation index [49], which describes
the vegetation that would exist in a given location
had human forms of land use not existed. We ex-
tracted the average values of each raster file for each
area of distribution of each species or subspecies
using the free software QGIS [50]. After obtaining an
average value per raster and per species we generated
a principal component using the three different ras-
ters and covariance matrices. The three environmental
layers used were highly correlated, and the principal
component obtained from this analysis represents
99% of the variation (Additional file 1: Figure S2) and
it is directly related to the amount of area covered by
trees and vegetation. Thus, higher values represent
areas with higher vegetation density, such as tropical
evergreen forests, and low values represent open areas
with less vegetation, such as grasslands, shrublands
and savannahs. From these shape files we also calcu-
lated the mean latitude of the distribution of each
taxon. The environmental layers used do not capture
changes in vegetation across seasons. Nevertheless,
the inclusion of latitude captures the possible effect
of seasonality, while the vegetation layer represents
biomes and more obvious and consistent differences
in habitat across locations. We also aimed to collect
body size variables for each taxon, however, these
were unavailable for many species, and for those
available, body size ranges largely overlap, suggesting
that there are very little differences in size within this
clade, with most fairy-wren species being described as
being between 7 and 12 g, except for the larger M.
cyanocephalus (12 to 17 g) [51].
Contrast analysis
To calculate the level of plumage contrast for males and
females from each species we measured plumage reflect-
ance of museum specimens in the bird-visible wave-
length range (300–700 nm) using a reflectance
spectrometer (Avaspec 2048, Avantes, Eerbeek, The
Netherlands) connected to a xenon pulsed light source
(Avalight-Xe, Avantes, Eerbeek, The Netherlands) via a
bifurcated fibre optic cable. The measuring end of the
fibre optic cable was fitted with a black plastic cylinder
to standardise measuring distance and exclude ambient
light. Reflectance spectra were collected by gently press-
ing the measuring probe against the plumage at an angle
of 90°, and reflectance was computed relative to a WS-2
white standard. We measured seven plumage patches
(head, back, breast, belly, cheek, throat and tail) belong-
ing to female and male fairy-wren and emu-wren speci-
mens housed at the Australian National Wildlife
Collection in Canberra and the Melbourne Museum,
Australia, although in some specimens not all plum-
age patches could be measured due to damage. Dam-
aged, dirty or dishevelled plumage was not measured.
Depending on size and condition we computed be-
tween 1–2 reflectance spectra per plumage patch and
specimen, and in total we obtained 7480 spectra be-
longing to 23 taxa for females and 26 for males, and
an average of 16 individuals per sex per taxon. Some
subspecies for which spectral data was available were
not used, since there was no precise information on
the geographic distribution (e.g. environmental layers)
or phylogenetic relationships.
Reflectance spectra were down-sampled to 5 nm steps
and imported into the R statistical environment. We
used visual models [52] as implemented in Cassey et al.
[53] using R scripts described in Delhey et al. [54].
Visual models compute a set of xyz coordinates that de-
fine the position of each reflectance spectrum in the
three-dimensional colour space of birds. Differences in
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colouration between two reflectance spectra are repre-
sented by distances and their unit is the just notice-
able difference (JND), whereby a difference below 1
JND is deemed not to be discriminable [55]. Visual
models require knowledge on the visual sensitivity
functions of the different photoreceptors used for
colour vision, the signal-to-noise ratio of these photo-
receptors and the spectrum of the ambient light.
Most birds have four types of single cones that are
used in colour vision, sensitive to long (L), medium
(M), short (S) and very short (VS) wavelengths of
light. Interspecific variation in visual sensitivities is
largely restricted to the VS and S cones and most
birds fall into one of two groups, violet-sensitive
species (V-type), which are less UV sensitive than
ultraviolet sensitive species (U-type) (Cuthill, 2006).
Fairy-wrens are unusual among birds in that closely
related species differ in their visual sensitivity: some
have V-type and some U-type vision [56]. Here we
use average V-type visual sensitivity functions (from
Appendix A in Endler & Mielke, [57] because our
aim is to assess how conspicuous fairy-wrens are to
their main visual predators, birds of prey, which have
V-type vision. The noise-to-signal ratio of each cone
type (ωL = 0.05; ωM = 0.046; ωS = 0.06; ωVS = 0.08) was
calculated using formula 10 in Vorobyev et al. [55], aver-
age cone proportions from [58] (0.38:0.69:1.14:1;VS:S:M:L)
based on a Weber fraction of 0.05 for the L cone [55]. Fi-
nally, we used the irradiance spectrum of standard day-
light (d65 [55]) as illuminant.
Chromatic coordinates (xyz) for each reflectance
spectrum obtained from visual models were averaged
within a patch, so that we had one set of coordi-
nates per patch per individual and then averaged
between individuals of the same sex to obtain one
set of mean chromatic coordinates per patch per sex
per taxon (species/subspecies). These chromatic co-
ordinates were used to compute the Euclidean dis-
tance between each plumage patch in every species
and the chromatic coordinates of two common types
of natural backgrounds (green leaves and brown bark
or soil). Background spectra were obtained from
Delhey et al.[43] and processed using the same visual
models as described above. These Euclidean dis-
tances indicate to what extent the different plumage
patches resemble natural backgrounds in colour, with
higher values indicating more dissimilar, contrasting
and, most likely, conspicuous colours. For each spe-
cies we averaged these values of contrast against both
types of backgrounds to obtain a single value of over-
all conspicuousness for each taxon studied.
Given that for fairy-wrens the brightest, most
conspicuous and common type of colouration is given
by structural colours (found in this study), we also
quantified the percentage of the body covered by
structural colouration. To calculate this, we first ob-
tained information on which patches of each species
comprise structural colouration, based on the spectral
data obtained from museum specimens, following the
procedure described in [59]. Based on this informa-
tion, we divided the body into seven different regions
(head, back, breast, belly, cheek, throat and tail) and
calculated the proportion of regions that had UV re-
flective colouration. The estimation of area covered
by structural colouration was calculated using images
from plates from a field guide [25].
Statistical analyses
To test the association between plumage contrast
and habitat type we used a phylogenetic mixed
model approach (MCMCglmm) in the R package
MCMCglmm [60]. We controlled for phylogenetic
non-independence by including 1300 different phy-
logenies in the model. To correct for phylogenetic
uncertainty we followed Ross et al. [61] and sampled
a tree from the posterior distribution of trees at iter-
ation t, running the MCMC mixed model for 1000
iterations and saving the last sample. This process
was repeated for 1300 iterations and we disposed the
first 300 runs as burn-in. The predictor variables of
the model were a principal component describing
habitat type, the interaction between habitat type and
colour patch (e.g. part of the body measured) and
latitude. The response variables were contrast against
green or brown background and achromatic contrast.
The phylogenetic information and species identity
were used as random factors. We collected estimates
for each iteration and then generated a High Density
Probability (HDP) interval of 95% for each param-
eter. If intervals overlapped with zero, we considered
that there was no significant effect of the predictor
on the amount of plumage contrast. We used the
function phylomorphospace in the phytools R package
[62] to plot our results, which provides information
on the phylogenetic relationships between species/
subspecies. A similar model was used to test the as-
sociation between percentage of structural colouration
and habitat type.
Additional files
Additional file 1: List of species used in the study, example of
phylogeny used in the analyses and results of principal component
analysis. (DOCX 318 kb)
Additional file 2: Dataset contrast: Raw values of three environmental
layers for each subspecies, the principal component used in the analysis
(pc1_veg) and values of contrast against green background (cont.g) and
brown background (cont.b). Page one contains values for females and
page two contains values for males. (XLS 106 kb)
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